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ABSTRACT

Subsystems aboard the Geostationary Operational Environmental Satellites -4 and
-5 have shown numerous instances of anomalous changes in state corresponding to
false commands. This paper presents evidence linking the anomalous changes to g
geomagnetic activity, and presumably static discharges generated by spacecraft
differential charging induced by substorm particle injection events. The

anomalies are shown to be.correlated with individual substorms as monitored.by

stations of the North American Magnetometer_Chain.. The relative fraquency of j
the .anomalies is shown to.be a function of geomagnetic activity as described by
the index kp. Finally a least squares fit to the time delay between substorm
initiation and spacecraft anomaly as a function of spacecraft local .time is
shown to be consistent.with injected electron populations with energy ir the
range 10 kev to 15 kev, in agreement with present understanding of the
spacecraft charging mechanism. The spacecraft elements responsible for the.

di fferential charging have not been satisfactorily identified. That question is
currently under investigation.
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1. INTRODUCTION

The Geostationary Operational Environmental Satellite Program is an operational
meteorological satellite program in which NASA manages the procurement, launch,
and in-orbit evaluation of the satellite system and NOAA's National Earth

Ss+ 1lite Service (NESS) operates the system for the National Weather Service
and other users. The system includes two operational satellites over the
equator, one at 75 west longitude, and the other at 135° west longitude. The
two satellites are identical, with the prime instrument being the Visible and
Infrared Spin Scan Radiometer-Atmospheric Sounder (VAS)l.

This instrument provides day and night cloud cover imaging through eight visible
and two infrared channels. East-west scan motion for the detectors .is provided
by the 100 rpm spin rate of the satellite, and north-south scan is provided by a
single axis stepping mirrcc. A complete image of the earth is obtained in.
approximately 18.5 minutes from each satellite. Operationally, frames are
initiated each half-hour.

The current systems, GOES-4 and GOES-S, are the first_of the GOES satellites to
also provide the capability for multispectral imaging ana atmospheric sounding
through which vertical profiles of water vapor content and temperature can be
obtainedz. This capability was incorporated as an experiment to demonstrate
that sounding is of practical use on operational satellites to obtain needed
information for atmospheric niodeling and prediction. It has been a considerable

successB, and may be incorporated by NOAA in an operational sense in the future.

In addition to the VAS, the GOES system also provides a Space Environment
Monitor on each satellite*. This subsystem is comprised of a vector
magnetometer, an energetic particles sensor to monitor penetrating radiation,
and a solar x-ray sensor. These instruments provide part of the data base to
NOAA's Space Environment Laboratories, charged with the responsibility for

morii toring and providing early warning of the effects of solar-terrestrial
interaction. The satellites also provide comnunications functions for the relay
of stretched VAS data and weather facsimile (WEFAX) between earth terminals and
for the collection of data from a complement of terrestrial and oceanographic
data collection platforms (OCP's;.
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The GOES-4 and GOES-5 satellites were built tfor NaSA Dy the Hughes Aircraft
Company. GOES-4 was launched on September 9, 1980 ana GOES-5 was launched on
May 22, 1981. The GOES spacecraft all undergo an in-orbit evaluation by NASA
for a period of approximately 30 days before they are turned over to NESS for
operational use.

2. ANOMALOUS COMMANDS OBSERVED

Both GOES-4 and -5 nave experienced anomalous changes of state in-orbit,
primarily in the VYAS subsystem. The first such changes were observed on GOES-4,
March 29, 1981, when the VAS mirror which provides the north-south scan abruptly ‘
began stepping and the visible channel 6 showed_an uncommanded gain step. On Q
April 1, the mi:ror again began stepping when no command had been sent. Grouna

magnetograms from.Anchorage, Alaska were examirned and showeu evidences of

substorm activity closely correlated in time with the anomalous changes in

state. The conclusion was drawn that the changes were environmentally _induceq,

i.e., they were the instrument response to electrostatic discharyes generated on

the spacecraft as a result of differential charging in the local energetic

electron population. The theoretical basis for such charging has been

thoroughly documenteds's, and the coincidence of magnetic activity ana the fact

that the local time of the events was in the midnight to dawn sector proviaded

ample grounds for this conclusion. A search for a differential charging

mechanism was begun, which revealed that a portion of the VAS second stage

radiation cooler was probably ungrounaed. - An inner member of this assenbly was —

grounded thirough a wire back into the VAS. electronics package. It seemed likely _
that the ungrounded member was charging in the environment until the breakdown

potential across the insulating epoxy bond between the two niembers was exceeded, ;
resulting in a large current surge flowing altong the wire and 1nto the VAS !
electronics package. Tests performed on the GUES-5 spacecraft, at that time ) i
awaiting launch at ETR, confirmed that the radiator was not grounded. This was

corrected before launch, with the expectation that no such events would be

experienced on GOES-5.
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Numerous other uncommanded changes have been observeda on GOES-4, ana in spite of
the correction made, GOES-5 has exhibited similar changes, although in ditferent
command functions. A sufficient number of events have occurred to provide a
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data base for study to determine the dependence of the phenomena on magnetic
activity and to determine if the events on GOES-5 are another manifestation of
the same phenomena. Table 1 shows all “phantom commands" which had occurred on
GOES-4 and 5 through November 23, 1981.

3. CORRELATION WITH GROUND MAGNETOGRAMS

Figures 1-23 show ground magnetograms of the X (north) magnetic field variation
at the stations of the east-west chain of the North American Magnetometer
Network sponsored by the National Science Foundat10n7. These stations transmit
through the data collection platform system on GOES to the NOAA Space
Environment Laboratories, where the data processing and display functions are.
performed. Each figure is labelled with the GOES spacecraft ID at the time of
a corresponding command anomaly. A substorm observea on these traces appears as
a more or less short lived depression or enhancement of the X component
depending on whether the observing station is east or west of the Harang
discontinuity which separates the eastward, pre-midnight electrojet from the
westward, post=midnight electrojets. The most prominent signature is a
depression, or "magnetic bay", under _westward flowing electrojet activity. At
times of world wide magnetic storms, enhanced electrojet activity persists for
periods of one to several days, and is accompanied by a sustained worla wide
depression of the horizontal field at mid latitude stations. Table 2 gives the
geographic and geomagnetic (dipole) coordinates of the stations used in these
figures. The position of the electrojet in latitude is strongly dependent on
local time and on magnetic activity. The stations used in the east west chain
are well situated for monitoring the electrojet in the nighttime hours and
during _periods of moderate magnetic activity.

Arichorage is not formally a part of the North American Chain. Its southerly
location places it out of the region of electrojet activity much of the time.
[ts traces often are more similar to mia latitude behaviour of the magnetic
field.

For GOES-4, there are 13 events displayed. In 8 of these the command anomaly
occurs within four hours of the onset of a well defined substorm (Figures 1,3,
5, 6, 7, 10, and two events in Figure 2). In tne remaining 5 there is
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significant sustained storm or substorm activity so that it i{s not possible to
associate a particular substorm as correlated with the anomaly. Substorm
ectivity is believed to be invariably associated with the injection of a hot
rarified plasma into the magnetosphere in the vicinity of local mianight and the
depletion in the morning quadrant of the relatively cold ana dense plasma found
there in quiet times 9. Motion of the injected particles is aapendent on their
energy and charge, and on the magnetic field configuration. Energetic electrons
drift eastward toward dawn, overtaking the slower moving synchronous altitude
satellites in their path. The drift rate is energy dependent, so that the
leading edge of the cloud contains the most energetic of the particles injected
during the substorm._ If the intensity of .the electron fiux is sufficient,
shadowed portions of the spacecraft may charge to a potential approaching the
thermal energy of the electrons. This model explains why spacecraft charging
should occur in the postmidnight sector, and indeed all of the anomalous
commands which have occurred on GUES-4 and GOES-5 have been in that general
local time sector. Two events occurred_just prior to local midnight and one
event occured at 07:01 local time.

For GUES-5, 13 events are displayed in the magnetograms. While the correlation
between the events and well defined substorms is not as striking, it is still
possible .to select 8 events in which a well gefinead substorm is present (Figures
12,14,15,19,20,21, and two events in Figure 17). In Figures 13 and 22, the lack
of a definite correlation mey be a result of the station location. These events
both occurred when the sateilite was near locai midnight. The stations of the
magnetometer chain were at that time at magnetic local times trom 2.6 to 6.5
hours earlier, placing them under the eastward flowing electrojet west of the
Harang discontinuity. Since there is no east-west current continuity at the
Harang discontinuity, it is not surprising that the substorm signature is not
detected there for these two events. The same effect shows up ‘v .everal of the
other magnetograms. In Figure 12, the surge of westward current responsible for
the signature at the eastern stations is not detected at College, placing the
Harang discontinuity between 22:3V0 hours and 23:50 hours in local time. A small
positive signature in D is observed at College (not shown). Tnis is possibly
indicative of an outward flowing, field aligned filament north of College. In
Figure 17, two substorms occured, one at 6:4% UT which was detectea only at Lynn
Lake, and another at 7:50 UT., which was also detected at Fort Simpson and




Norman Wells. The latter stations had by that time rotated through the Harang
discontinuity and were under the westward electrojet. Both substorms resulted
in charging events on GUES-5.

4. CORRELATION WITH MAGNETIC INDEX KP

A more quantitative basis for determining. the relatianship between magnetic
activity and the occurrence of anomalous commands can be obtained by tabulating
the maghetospheric index kp and the times of anomaly occurrence. These data are
shown in tables 3,4, and 5§ for GOES-4 in the month of April 198l. Th- magnetic
index kp is a logarithmic index of worldwide magnetic_activity on a scale.of O
to 9. It is determined for each 3 hour period.in each UT day. The entries in
Table 3 show the number of days of the month in which the time sector (row) had
the given value of kp (column}. Table.4 shows the occurrence of anomalous
commands tabulated in the same way. Table 5 shows the ratio of corresponding
elements in Table 4 to those in Table 3, and can be thought of as an estimator
of the probability of a command anomaly given that time sector and value of kp.

The local time for GOES-4, at 135 west longitude, is 9 hours earlier_than ut.
Thus the time interval tabulated covers 2100 LT to V600 -LT. Note that the two
events which occurred prior to local midnignt were potn within 1/2 hour of
mianight. On the.richt hand margin of table 5 is computed the marginal
distribution of anomalies.with local time, showing that the events occur in the
time .sector from_just before midnight to.gawn. More importantly the lower
margin displays the marginal distribution. with kp. While the number of
observations for kp less than 1 and greater than or equal to 6 is too small to
be significant, the remainder of the classes show a clear correlation of
relative frequency wiin Kp.

Tables 6,7, and 8 shcw the same data for GOES-5 except that the months of
August., September, and October have been combined to obtain a sufficient number
of events tao study.

*n the GOES-5 case the local time span is from 2200 LT to 070U LT. The one
event that occurred before midnight was at 23:20 LT. The marginal distribution
of anomalies with kp again shows & strong correlation. The distributions for
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both GUES-4 and GOES-5 are graphed in Figure 24.

Because of the differences in the time base, one cannot compare the magnitude of
relative frequencies between GOES-4 and GOES-5. Further, the relative frequency
for GOES-4 is understated, since the most susceptiple command function, the
“stenscan on”, will go undetected when the mirror is already stepping, roughly
67 percent of the time. Only one anomaly was observed on GOES-4 in. the months
of August through October. This fact is more likely an indication of a change_
in susceptibility of the satellite, the generally lower level of magnetic
activity in those months, and.the "bDlindness" of GOES-4 when the mirror is
stepping than it is an indication of a seasonal effect. Four additional command
anomalies on GOES-4 and seven additional anomalies on GOES-5 occurred through
February 2, 1982, These events have not been. included in the analysis.

It is clear that the events on both spacecraft are correlated with magnetic
activity. While this correlation shows that the anomalies are environmentally
related, it does not follow automatically that spacecraft charging is the
mechanism. However, the dependence on local time, magnetic activity, and the g
correlation with individual substorm activity together force the conclusion of
spacecraft charging in the absence of any other viable explanation.

5. PLASMA DRIFT VELOCITY

The rationale for the spacecraft charging phenomena given in section 3 predicts
that there will be a time delay between the injection of plasma in the midnight
sector and the arrival of the energetic eléctrons at tne satellite. This
prediction is verified by study of those events on GUES-4 and GOES 5 which are
associated with well defined substorms, as listed in sectioo 3. Measuring the
time delay between substorm initiation ana the event at the spacecraft proauces
the scatter diagram of Figure 25. The best least squares fit to the aata is

y= 0.332x + 22.46

whore y is the period in minutes required for the particles to arift to the
1acal time x, also in minutes. For the typical cloud represented by this fit
the time required to arift completely around tne earth i3 0.332 (24)(60) = 478
minustes. Use of Figures 1.2 ana 1.3 from Van Allen (1962)10 results in electron
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energy of slightly greater tian 10 kev if the particles are mirroring at dipole
latitude of 90°. or slightly greater than 15 kev if they are mirroring at the
geomagnetic equator.. These energies are very close to those which have been
measured in situ during injection events. Note that dipole 1atitudes near 90°
cannot be accessed because of the presence of the earth and its atmosphere.

The derivation of a typical dispersion relationship implicitly assumes that the.
particles are injected at a point source in the magnetosphere and that the _time
required for the spacecraft to charge is negligible compared to the drift time
to the satellite. The effect.of the first assumption is. to bias tne
measurements of drift time in Figure 25 negatively independent of local time.
The effect of the second assumption is to bias the measurements positively, and
is probably less important because of the energy selection involved in the.drift
process. .The interesting observation is made that the point of.origin of the
clouds appears from Figure 25 to be the eastern edge of the Harang
discontinuity, which is known to be intimately involved in the substorm
mechanism 11. The biases are such that the true point of origin may well be at
the center of the Harang discontinuity. The complex processes that occur in the
ionosphere and magnetosphere along magnetic field lines that intersect the earth
at the Harang discontinuity remain to be fully understood.

6. CONCLUSION

The potential for problems resulting frou spacecraft differential charging has
received much attention since the phenomenon was_first identified. Although
this has resulted in much more care. being exercised in the structural grounaing
and external surface treatment of scientific and operational spacecraft, the
charging phenomenum reiains a persistent problem in a region of space
increasingly utilizZed by weather and comiunications satellites. The same region
is considered for future use by applications requiring large structural systems,
for which the effects of the plasma population have not been tested. Such
effects are indeed the most important environmental effect on private and
government spacecraft systems, next to the sun. The operational meteorological
satellite would provide an excellen. platform for monitoring this environment,
having the advantage over scientific satellites of-a continuing ground data




acquisition capabiiity and essentially 100 percent coverage in orbit. GOES East
and GOES West together could provide complete coverage for the considerable
array of communications satellites situated between them, as a result of the
propagation effects discussed in section 3 and demonstrated in section 5. The
European Space Agency (ESA) has_already incorporated a low energy particie
monitor on Meteosat-2 as well as an electrostatic event detector, having
experienced a large number of anomalies on Meteosat-l attributed to spacecraft
charging. It can be seen that the potential exists for worldwide, continuous
monitoring of these effects through judicious international cooperation within
the already existing weather satellite network.

The present Space.Environment Monitor on_GOES does not include the capability
for monitoring particie .populations of energies responsible for spacecraft
charging. The requirements were set for GOES before the_charging was
recognized. Addition of the instrument necessary has been identified by NOAA's
Space Environment Laboratories as a high priority for future operational
satellites. Unfortunately present programmatic and funding limitations will
likely prevent the addition of this capability until the late 1990's.
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DATE S/C TIME ECLIP§E TIME COMMAND 10 PRODUCE ANOMALY
ut NUMBER NAME
3729781 G-4 1142 0832 to U937  331/334 and Step Scan ON (primary or
302 redundant cmd) Visidle
Ch.6 gain step.

4/1/81 G-4 09:55:31 0833 to 0934 331/334 Step Scan ON (primary or
redunaant cmd).

4/1/81 G-4 10:10:22 0833 to 0934 331/334 and  Step Scan ON (primary or

302 redundant cmd) Visible

Ch., 6 gain step.

4/13/81 G-4 09:03:17 No eclipse 331/334 Step Scan ON (primary or
redundant..cmd) .

4/14/81 G-4 11:36:35 No eclipse 331/334 Step Scan ON.(primary or
redundant cmd)

4/17/81 G-4 08:38:22 No eclipse 331/334 Step Scan ON (primary or
redundant cmd)

4/16/81 G-4 12:35:22 No eclipse 331/334 Step Scan ON (primary or
redundant cmd) .

4/20/81 G-4 14:35:22 No eclipse _ _331/33¢  ___ Step Scan ON (primary or
redundant cmd)...__

4/21/81 G-4 14:45:44 No eclipse 030 VOM half resolution

4/24/81 G-4 09:40:33 No eclipse 331/334 Step Scan ON (primary or
reaundant_cmd)

4/26/81 G-4 08:36:27 No eclipse 331/334 Step Scan ON (primary or
redunaant cmd)

8/20/81 G-5 08:21:58 No eclipse 301 Ch. 7 gain step
(from 2 to 3)

8/23/81 G-5 11:08:05 No eclipse 301 Ch. 7 gain step
{from 2 to 3)

8/28/81 G-5 05:20:39 No eclipse 301 Ch. 7 gain step
(from 2 to 3)

8/29/81 G-5 10:17:01 No eclipse 301 Ch. 7 gain step
(from 2 to 3)

TABLE 1 - GUES -4 AND -5
PHANTOM COMMANDS

T




b TABLE 1 (CONT)

| BATE 3/C TIME ECCTPSE TINE —CGMMANG T0 PRODUCE ANOMALY
ut 1) NUMBER NAME
y 9/11/81 G-5 12:001:39 0426-U52/ 301 Ch. / gain step
t (from 2 to 3)
) 9/12/81 G-5 10:47:33  0425-0527 301 Ch. 7 gain step
P (from 2 to 3)
10/2/81 G-4 14:49:41  0819-0923 030 VOM half resolution
10/10/81 G-5 07:11:03 0421-0511 301 e Ch, 7 gain step ]
) (from 2 to 3) ]
10/10/81 G-5 08:35:55 0421-0511 301 Ch..7 gain step
(from 2 to 3)
|
10/11/81 G-5 07:46:22 0423-0510 301 Ch. 7 gain step v
(from 2 to 3) A
10/12/81 G-5 08:57:35 0425-0507 301 Ch. 7 gain step ;
‘_ (from 2 to 3) :
10/21/81 G-5 09:14 None 30 Ch. 7 gain step {
(from 2 to 3) ;
11/12/81 G-5 10:58 None . 301 Ch. 7 gain step

(from 2 to 3)

11/22/81 G-5 06:46:11 None 301 Ch. 7 gain step
(from 2 to 3)

el M S G,

11/23/81 G-5 10:58:36 None 301 Ch. 7 gain step
(from 2 to 3)

11/23/81 G-4 12:10:16 None 3317334 Step Scan On




TABLE 2 Stations and Locations of East-West Chain

Station Code Name _ Geographic Geographic Geomagnetic
Latitude Longi tude Latitude
Lynn Lake LYN 56°5L" -101%04" 65.96°
Fort Smith ESM 60°00" -112%0" 67.26°
Fort Simpson FSP 61945" -121°%14" 67.20°
Norman Wells NOW 65%02" ~127%0° 69.35°
College coL 64953 " -148%03" 64.76°
Anchorage. ANC 61912 -149%6" 61.3
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TABLE 3
APRIL KP
kp
time g 1- 1 2- 2 3- 3 4- 5- 6~ >b
uT 1
T 6-9 2 5 6 5 3 6 2
9-12 1 3 9 6 7 4 0
12-15 0 5 5 8 5 3 4




GOES-4 ANUMALIES APRIL

kp
time
ut

(3
9-12
12-15
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TABLE 5
GOES-4 RELATIVE FREQUENCY APRIL
kp

time G 1- 1 2- 2 3- 3 4- 4 _ 5- 5 6- b

ut

5-9 0/2 0/6 0/6 0/% 1/3. 1/6 072 2/30

9-12 0/1 0/3 0/9 1/6 2/7 2/4 - 5/30

12-15 - 0/5 0/5 0/8 1/5 2/3 0/6 3/30

0/3 ___ 0/1&  0/20 1719 3/15 5713 0/6
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TABLE 6
AUGUST THROUGH OCTOBER kp

Kp
time 0 1- 1 2- 2 3- 3 4 4 8- 5 6- 6

uT
3-6. 6 18 25 24 14

‘ 6-9 5 21 22 27 10
- 9-12 3 19 29 26 7

00 O W
o N

l. ;
| ‘
| |
s |
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TABLE 7
GOES-5 ANOMALIES, AUGUST THROUGH OCTUBER

time

kp

>6

3-8
6-9
9-12

N

b pa
N -

gt b

5 L
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TABLE 8
GOES-5 RELATIVE FREQUENCY AUGUST THROUGH OUCTUBER
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